ABSTRACT The construction and partial characterization of recombinant bacterial plasmids carrying DNA sequences that hybridize with rat skeletal muscle actin and a myosin light chain mRNA is described. DNA of one clone hybridizes specifically with the muscle-specific a-actin mRNA. Three plasmid clones contain DNA inserts that hybridize with muscle as well as with nonmuscle actin mRNA. A fifth plasmid contains sequences complementary to mRNA coding for myosin light chain 2. DNA of this plasmid hybridizes specifically with RNA extracted from muscle and differentiated muscle cultures but not with RNA extracted from proliferating mononucleated myogenic cells.
Muscle cell cultures have been extensively used as a model system for the study of the control of gene expression during differentiation. The fusion of mononucleated myoblasts into multinucleated fibers is associated with the synthesis of specific proteins involved in muscle contraction (1) (2) (3) (4) (5) (6) . Several of these proteins have been shown to exist in several isozymic forms, of which some are muscle-specific and some are found in other tissues as well; only the synthesis of the muscle forms is associated with terminal differentiation of muscle cells (5, (6) (7) (8) (9) (10) (11) (12) (13) .
The availability of homogeneous DNA probes specific to the sequences of mRNA coding for muscle proteins would be helpful for the analysis of the control of gene expression at the RNA and DNA levels. We report here on the construction of five recombinant plasmids: three containing sequences that hybridize with both muscle and nonmuscle actin mRNAs, one containing sequences that hybridize specifically with muscle actin mRNA, and one containing sequences complementary to the muscle myosin light chain 2 mRNA. MATERIALS AND METHODS Preparation of mRNAs, Cell-Free Translation, and Product Analysis. RNA extraction from leg muscle, liver, and brain of 1-month-old Wistar rats was carried out by the phenol/m-cresol method described by Kirby (14) . Poly(A)-containing RNA was isolated by affinity chromatography to oligo(dT)-cellulose (15) . In order to obtain fractions of mRNA enriched for particular messengers, the muscle mRNA was size-fractionated by sucrose gradient density centrifugation (15-30% sucrose in 0.01 M Tris, pH 7.6/1 mM EDTA/0.5% NaDodSO4). Fractions were tested by translation in a cell-free system as described below, and those fractions showing significant enrichment for actin or myosin light chain RNA were pooled. These fractions are referred to later as actin-enriched RNA and myosin light chain-enriched RNA. Cytoplasmic poly(A)-containing RNA from muscle cell cultures was prepared as described (6) .
mRNA preparations were translated in nuclease-treated rabbit reticulocyte lysates as described by Pelham and Jackson (16) . The cell-free products were analyzed by NaDodSO4/ polyacrylamide gradient gels and by two-dimensional isoelectric focusing-NaDodSO4/polyacrylamide gel electrophoresis (8) . Analysis of myosin light chain 2 and actin was done by partial proteolysis and gel electrophoresis (17) . Binding of actin to DNase I agarose was done as described (18) . The column was washed batchwise and eluted in the presence of 0.2% NaDodSO4. The samples were then lyophilized, resuspended in isoelectric focusing buffer, and analyzed on a two-dimensional gel (8 Plasmid DNA was coupled to diazobenzyloxymethyl-cellulose according to the procedure of Goldberg et al. (23) . Poly(A)+ mRNA from rat skeletal muscle (50 Mg) was hybridized to the DNA-cellulose in 50% formamide/0.1 M phosphate, pH 7/1 mM EDTA, 0.1% NaDodSO4/0.6 M NaCl/0.06 M Na citrate containing 1 mg of yeast tRNA per ml (hybridization buffer). The reaction was carried out for 5 hr at 52°C with swirling. After extensive washings with 50% formamide/0.5% NaDodSO4/1 mM EDTA/10 mM Tris, pH 7.4 at 37°C, the hybridized RNA was eluted in 1 ml of 98% formamide/1 mM EDTA/0.1% NaDodSO4/10 mM Tris, pH 7.4, at 70°C for 2 min.
Hybridization of Plasmid DNA to Agarose-Fractionated RNA Covalently Linked to Diazobenzyloxymethyl-Paper. RNA samples were separated by electrophoresis on horizontal slab gels containing 1% agarose and 7.5 mM methyl mercuric hydroxide (Alfa) according to Bailey and Davidson (24) . The fractionated RNA was transferred to diazobenzyloxymethylpaper according to Alwine et al. (25) except that the buffer used for the transfer was sodium acetate at pH 5. After transfer, the RNA (attached to the paper) was hybridized to nick-translated (26) 32P-labeled plasmid DNA by the method of Alwine et al. (27) .
Cell Cultures. The myogenic cell line L8 was used to obtain cultures of proliferating mononucleated cells and differentiated cultures containing multinucleated fibers (28, 29) .
RESULTS

Identification of Recombinant Plasmids Containing
Muscle-Specific DNA Sequences. Colonies of bacteria resistant to tetracycline but sensitive to ampicillin were screened for bacteria carrying plasmids containing muscle-specific sequences by two consecutive colony .hybridization experiments.
In the first step, the colonies were hybridized in situ with 32P-labeled cDNA complementary to total poly(A)+ RNA from Identification of mRNA that Hybridized to Recombinant Plasmid DNA. Plasmid DNA was isolated from the selected clones by CsCl equilibrium density centrifugation and was covalently bound to diazotized cellulose. The bound DNA was hybridized to poly(A)+ RNA extracted from rat skeletal muscle. After elution, the hybridized RNA was translated in an RNAdependent reticulocyte cell-free system (16) . RNA selected by hybridization to DNA-cellulose from clones 254 and 749 stimulated the synthesis of a polypeptide with a molecular weight of 43,000 (Fig. 1, tracks 2 and 3 ). This polypeptide comigrated on two-dimensional isoelectric focusing/NaDodSO4 gels with the muscle-specific a-actin (Fig. 2) . Similar results were obtained with clones 649 and 106. As expected for authentic actin (18) the polypeptide bound specifically to DNase I-agarose columns (data not shown).
The pattern of [35S]methionine-containing peptides obtained after partial proteolysis of the actin synthesized in a cell-free system was identical to that of muscle actin with one additional peptide in the cell-free products (Fig. 3) .
Muscle RNA hybridized to clone 103 plasmid DNA stimulated the synthesis in the cell-free system of two closely migrating polypeptides (Fig. 1, track 4) . When the translation products were analyzed on an isoelectric focusing/NaDodSO4 two-dimensional gel, one fused radioactive spot comigrating with myosin light chain 2 was found (Fig. 4) . Actomyosin complex extracted from differentiated cultures contained two similar bands comigrating with those synthesized in the cell-free system. The two polypeptides appeared to be muscle specific:
when RNA extracted from mononucleated L8 cells was hybridized to cellulose-bound plasmid 103 DNA and the cell-free system products of the eluted RNA were subjected to gel electrophoresis, no distinct radioactive bands were obtained. The kinetics of the synthesis of the two bands in the cell-free system did not reveal a precursor-product relationship. In addition, we hybridized muscle mRNA to clone 103 plasmid DNA and eluted the RNA under various conditions. In no case did we obtain fractions that, upon translation, showed enrichment of one of the two bands. The two bands were extracted from a polyacrylamide gel and analyzed by the partial proteolysis technique. As shown in Fig. 3b , two of the three radioactive peptides that are generated from each of the polypeptides are identical in size. The peptide pattern obtained from the polypeptides synthesized in the cell-free system was identical to that obtained from the corresponding polypeptide synthesized in the intact cells. The largest peptide in track 1-4 ( Fig. 3b) (24) . The RNA was then transferred to diazobenzyloxymethyl-paper and hybridized to 32P-labeled nicktranslated plasmid DNA. Two types of results were obtained with actin clones (Fig. 5) The results thus indicate that although clone 106 hybridizes specifically with the muscle type actin mRNA, clones 254,649, and 749 hybridize also to mRNA that is not specific to differentiated muscle. To test further the specificity of plasmid 106, DNA of this plasmid and of plasmid 749 were bound to cellulose filters and hybridized to RNA extracted from cultures harvested at the beginning of cell fusion. The RNA eluted from the filters after hybridization was translated in a cell-free system. The products were subjected to two-dimensional gel electrophoresis and the gels were autoradiographed. RNA eluted from plasmid 749 DNA directed the synthesis of polypeptides comigrating with a-and f3-actins. The gel containing the cell-free system products of RNA eluted from plasmid 106 DNA contained a radioactive spot only in the a-actin position.
Hunter and Garrels (8) estimated that muscle actin mRNA is about 1400 nucleotides long and nonmuscle actin mRNAs are approximately 500 nucleotides longer. Using 18S and 28S ribosomal RNA, 9S globin mRNA, and digested simian virus 40 DNA as size markers, we estimated that the muscle-specific mRNA is approximately 1650 nucleotides long and the nonmuscle mRNA is approximately 2200 nucleotides long. Considering the difference in methods of assaying (Hunter and Garrels used cell-free translation of RNA extracted from gels), these results are in general agreement.
Clone 103 DNA hybridized specifically to sequences de- sequence determination of the DNA insert in plasrhid 749 showed that this plasmid contains sequences coding for muscle actin amino acids of the region from amino acid 162 to the COOH terminal. In the segments that were sequenced (44 amino acids), there were 2 amino acids, at positions 296 and 298, that differed between muscle and cytoplasmic actins. In both positions the plasmid insert codes for the muscle actin amino acids (unpublished data).
The cross-hybridization of three clones with brain and myoblast RNA demonstrates the existence of substantial homology between muscle and nonmuscle actin mRNA sequences. Hybridization occurs in 50% formamide at 42 and 520C. However, plasmid 106 hybridized strongly to muscle actin mRNA but did not to nonmuscle actin mRNA. The coding region for the actin polypeptides is 1122 nucleotides long. The estimated length of the mRNA of the a-actin is about 1650 nucleotides (Fig. 5) . It is therefore possible that the musclespecific plasmid 106 which contains an insert of 340 base pairs hybridizes with a noncoding region of the mRNA and that this part of the molecule is different in muscle and nonmuscle actin mRNA. The specificity of this plasmid and the availability of plasmids that crossreact with nonmuscle actin mRNA makes these plasmids valuable probes for studies on the RNA level as well as for screening for genomic clones carrying the various actin genes.
